Background: The Drosophila neoplastic tumor suppressor Lethal (2) giant larvae (Lgl) controls apicobasal cell polarity and proliferation. We have previously shown that lgl 2 clones in the developing eye exhibit ectopic proliferation and suppress apoptosis without affecting apicobasal cell polarity. Ectopic expression of the apical polarity regulators atypical protein kinase C (aPKC) and Crumbs also leads to increased cell proliferation and/or survival. Here we investigate how these cell polarity regulators control proliferation and survival. Results: We report that depletion of lgl in eye epithelial tissue, where polarity is maintained, results in upregulation of targets of the Salvador/Warts/Hippo (SWH) tumor suppressor pathway. Consistent with this, the SWH pathway transcriptional coactivator Yorkie is hyperactivated in Lgl-deficient tissue and is rate limiting for lgl 2 phenotypes. Overexpression of the apical polarity regulators Crumbs or aPKC also leads to ectopic expression of SWH pathway targets without affecting polarity. We show that Lgl depletion or aPKC overexpression results in comislocalization of Hippo and Ras-associated domain family protein (RASSF), consistent with RASSF's ability to block Hippo activation by Salvador. In contrast, Crumbs overexpression leads to mislocalization of Expanded away from the apical cortex, which is predicted to deregulate the pathway. Conclusions: Collectively, our data reveal that the cell polarity regulators Lgl, aPKC, and Crumbs regulate the SWH pathway by two distinct pathways: Lgl acts antagonistically to aPKC to regulate Hippo and RASSF localization, whereas Crumbs regulates Expanded localization. Thus, our study implicates Lgl, aPKC, and Crumbs as regulators of tissue growth via the SWH pathway.
Introduction
For appropriate organ development, cell proliferation is balanced with developmental cell death (apoptosis) and differentiation. In Drosophila melanogaster, many loss-of-function mutations in tumor suppressor genes result in overgrowth of imaginal disc epithelia. These mutations can be classed as hyperplastic, which cause tissue overgrowth but do not disrupt normal tissue architecture and differentiation, or neoplastic, in which epithelial morphology is disrupted and differentiation is compromised. The link between hyperplastic and neoplastic tumor suppressors is currently unclear.
Hyperplastic tumor suppressors include those of the recently discovered Salvador/Warts/Hippo (SWH) pathway [1, 2] . The evolutionarily conserved SWH pathway comprises a kinase cascade: Hippo (Hpo), an Ste20-like kinase, binds Salvador (Sav), a WW domain adaptor protein, to phosphorylate Warts (Wts), an NDR family protein kinase, which is facilitated by Mats, a Mob family protein, to phosphorylate the transcriptional coactivator Yorkie (Yki), excluding it from the nucleus. When the SWH pathway is inactivated, Yki becomes dephosphorylated and translocates to the nucleus, where it binds the Scalloped (Sd) transcription factor, leading to the upregulation of genes promoting cell proliferation and survival [3] [4] [5] . Conversely, the Ras-associated domain family protein (RASSF) inhibits Hpo activity by preventing the binding of Sav to Hpo [6] . Upstream of Hpo, the band 4.1 family proteins Expanded (Ex) and Merlin (Mer) and the atypical cadherin Fat (Ft) positively regulate SWH activity and thereby negatively regulate Yki [1] . SWH targets include the cell proliferation regulator cyclin E (cycE) and Drosophila inhibitor of apoptosis 1 (DIAP1), which promote tissue growth and survival, respectively [1, 2, 7, 8] .
The best-studied neoplastic tumor suppressors are the junctional neoplastic tumor suppressors Scribble (Scrib), Discs large (Dlg), and Lethal (2) giant-larvae (Lgl) [9] , which play roles in apicobasal cell polarity and proliferation control. These proteins are involved in an apicobasal cell polarity network that includes the Crumbs (Crb) complex, comprising Crb (a transmembrane protein) and the adaptor proteins PATJ and Stardust (PALS), and the Par complex, comprising atypical protein kinase C (aPKC) and the adaptor proteins Bazooka/Par3 (Baz) and Par6. These complexes are mutually dependent for their function in the establishment and maintenance of apicobasal cell polarity. For example, basolaterally localized Lgl antagonizes the activity of the apically localized Par complex, and in turn, aPKC phosphorylates Lgl, excluding it from the apical membrane. Lgl, Dlg, and Scrib also limit cell proliferation: in lgl, scrib, or dlg homozygous mutants, maternal contribution allows embryogenesis to occur normally; however, at the third-instar larval stage, the brain and epithelial imaginal tissues lose apicobasal cell polarity, overgrow, and fail to differentiate [10] . scrib or lgl mutant clones in the developing eye exhibit increased expression of the key cell-cycle regulator CycE and ectopic cell proliferation [11, 12] . In lgl mutants, increased cell proliferation occurs without loss of apicobasal cell polarity, revealing separable roles for Lgl in negatively regulating cell proliferation and in cell polarity [12] . Conversely, overexpression of aPKC or Crb leads to tissue overgrowth [9] ; aPKC activation increases proliferation in Drosophila larval epithelial cells [13, 14] , and aPKC mutants show reduced proliferation and suppress most lgl 2 cell polarity and overproliferation phenotypes in brain neuroblasts [15] , whereas Crb overexpression induces proliferation in imaginal discs [16] and suppresses apoptosis in the eye imaginal disc [17] . Precisely how these polarity regulators modulate the cell cycle or apoptosis machinery is unknown.
Here, we investigate how apicobasal cell polarity regulators control proliferation and survival in the developing Drosophila eye epithelium. We show that depletion of Lgl or overexpression of aPKC and Crb leads to upregulation of SWH target genes. These polarity regulators impact upon the SWH pathway via two distinct mechanisms: aPKC and Lgl act antagonistically to control Hpo and RASSF localization, whereas Crb regulates the localization of Ex. This study provides evidence that the cell polarity regulators Lgl, aPKC, and Crb regulate proliferation and survival by controlling activity of the SWH hyperplastic tumor suppressor pathway.
Results

DIAP1 Is Upregulated in lgl
2 Tissue in the Developing Eye Disc We have previously shown during Drosophila eye development that clones mutant for lgl (null allele lgl 27S3 ) suppress apoptosis in both the third-instar larval and pupal stages [12] , leading to excess interommatidial cells in lgl 2 tissue during pupal development (p.d.) ( Figures 1D and 1E ). To analyze how Lgl affects apoptosis, we examined expression of a key regulator of apoptosis, DIAP1, in lgl 2 clones. DIAP1 protein was elevated in lgl 2 tissue in both larval ( Figure 1A ) and pupal ( Figure 1C ) stages. DIAP1 transcription, determined by a diap1-lacZ reporter [18] , was also increased in lgl 2 clones in larval ( Figure 1B ) and pupal (data not shown) eye discs. Thus, in lgl 2 tissue, upregulation of DIAP1 occurs via an effect on diap1 transcription.
SWH Targets Are Upregulated in lgl
2 Tissue The above data, taken together with our previous studies showing that lgl 2 clones upregulate CycE [12] , suggested that Lgl may regulate targets of the SWH pathway [7, 8] . We therefore tested two other well-characterized SWH targets, ex and four-jointed (fj) [1] , for upregulation in lgl 2 clones in larval eye discs. fj expression, monitored by a fj-lacZ reporter [19] , was increased and extended from its normal domain in the center of the disc (see Figures S1A and S1B available online). Ex protein was unchanged at the larval stage (Figures S1C and S1E) compared with the upregulation seen in hpo 2 clones ( Figure S1D ). In lgl 2 clones, we were unable to examine the ex-lacZ reporter [20] because it is a hypomorphic mutation located on the same chromosome arm as lgl. Instead, we utilized lgl 2 RNA interference (RNAi) to deplete Lgl (see Experimental Procedures) in an ex-lacZ background. Upon Lgl depletion, ex-lacZ was upregulated in the pupal retina (Figure 1G ), although not noticeably at the larval stage ( Figure 1F ). Moreover, when lgl was knocked down in the whole eye disc, Ex protein was increased 2-fold as determined by western analysis (Figure 2Fb ). Thus, Lgl depletion leads to upregulation of the SWH pathway targets CycE [12] , DIAP1, fj, and ex. However, it should be noted that although the upregulation of these targets in Lgl-depleted tissue was not as potent as that observed with strong mutations of core SWH pathway genes, hypomorphic mutations in core SWH pathway genes (e.g., sav
2 ) show lesser activation of SWH targets (e.g., CycE and DIAP1; see Figures S1F and S1G) than lgl 2 ( Figure 1A ; Figure 2I ).
Active Yki Is Increased in lgl
2 Tissue Inactive Yki is restricted to the cytoplasm and cortex in imaginal disc cells, but upon activation, Yki is observed throughout the cell [21] , as in hpo 2 larval eye disc clones (Figure 2A ).
Similarly, Yki protein was observed throughout the cell in lgl 2 clones at the larval stage compared with wild-type clones ( Figure 2B ) and was colocalized with the DNA stain TOPRO in pupal eye discs ( Figure 2C ). Taken together, these data show that Lgl depletion triggers relocalization of Yki throughout the cell.
We then examined the effect of Lgl knockdown on Yki phosphorylation. Because homozygous lgl 2 eye discs disintegrate ( Figures S2C-S2E) , we used the ey-FLP actin-FLP-out system combined with an lgl-RNAi transgene (lgl-RNAi FLP-out) to knock down Lgl (see Experimental Procedures). lgl-RNAi FLP-out discs reared at 29 C were hyperplastic ( Figure 2D and data now shown); however, expression of human Lgl (Hugl) fully rescued these defects ( Figure 2E ), confirming that the RNAi was specific to Lgl. Because the SWH pathway induces phosphorylation of Yki at Ser168 [22] , protein extracts from these discs were analyzed by western analysis for pYkiSer168 levels. In Lgl-depleted tissue (where Lgl protein was reduced by 80%), pYki levels were decreased by w35%, and this decrease was restored to wild-type levels by expression of Hugl ( Figure 2F ). Thus, consistent with the observed Figures 2G and 2H) . Furthermore, when yki levels were reduced, the ectopic expression of CycE in lgl 2 clones was mostly absent (Figures 2I and 2J ). These data show that upregulation of the SWH target CycE in lgl 2 clones and overgrowth of lgl 2 mosaic adult eyes are sensitive to Yki levels.
ex-Z; lgl-RNAi
The lgl 2 Transheterozygous Eye Disc Phenotype Is Dependent on Yki To examine the importance of Yki activity in lgl mutant phenotypes, we determined whether halving the dose of yki could rescue the neoplastic tumor phenotype of imaginal discs in lgl 2 larvae. Homo-or transheterozygous lgl 2 larvae undergo an extended larval stage growing into giant larvae, where eye discs disintegrate or fuse with each other and cannot be easily distinguished [23] . Although eye discs of lgl 27S3 /lgl 4 day 5 larvae showed regions of hyperplasia, they still retained cell polarity and differentiated, whereas antennae discs exhibited a loss of cell polarity and were overgrown compared with wild-type (Figures S2A, S2B, and S2D). At day 9, lgl 27S3 / lgl 4 eye discs had lost apicobasal cell polarity, lacked differentiation, and were disintegrated ( Figures S2C and S2E /+ discs showed variable degrees of overgrowth with folding of the mutant tissue; however, differentiation was detected in all eye discs (Figures S2F-S2J). Thus, halving the dose of yki suppresses overgrowth of early lgl 2 eye-antennal discs, allowing them to maintain structure, differentiate, and avoid disintegration at later stages.
Overgrowth of scrib 2 Transheterozygous Discs Is Dependent on Yki
We then investigated whether imaginal disc overgrowth of mutants in another junctional neoplastic tumor suppressor, scrib, was also dependent on Yki activity. scrib 1 /scrib 2 mutants have disorganized, undifferentiated eye discs and overgrown /+ mutant mosaic discs, stained for CycE (red). CycE is upregulated in lgl 2 clones (I, arrowheads). This ectopic expression is largely eliminated by reducing yki levels (J).
wing and haltere discs ( Figures S2K-S2M ). In contrast, yki/ +;scrib 1 /scrib 2 eye-antennal discs were reduced in size, and although wing and haltere discs were largely absent, those observed were also reduced in size ( Figures S2N-S2P) . We conclude that when apicobasal polarity is lost in scrib transheterozygous mutants, the overgrowth phenotype and survival of imaginal disc epithelia is sensitive to Yki levels, suggesting that the SWH pathway is deregulated.
Depletion of scrib or dlg to Levels Where Polarity Is Only Mildly Affected Does Not Result in DIAP1 Upregulation To further investigate the involvement of dlg and scrib in SWH pathway signaling, we tested whether knockdown of these genes could upregulate SWH pathway targets when cell polarity was maintained, similar to that observed upon Lgl depletion. In scrib mutant clones, upregulation of CycE is accompanied by loss of apicobasal cell polarity, and these clones are eliminated by apoptosis [11] . We reasoned that weak loss-of-function phenotypes generated by RNAi-mediated knockdown of scrib or dlg in eye discs might avoid the complexities of loss-of-polarity effects, thereby allowing us to determine whether they can influence SWH pathway activity.
First, we showed that in lgl-RNAi-expressing clones, which did not lose polarity ( Figures S3E and S3F ), DIAP1 was upregulated in pupal eye discs ( Figure 3E ). However, although Lgl protein was knocked down to undetectable levels (Figures S3A and S3B), DIAP1 was not affected at the larval stage ( Figures 3A and 3B ). We then knocked down Dlg or Scrib, via RNAi, to levels where Dlg or Scrib protein was undetectable ( Figures S3C and S3D ), which resulted in slight cell polarity defects, as determined by mislocalized Scrib or Dlg ( Figures  S3J and S3K ), although aPKC localization (Figures S3I and S3K) and F-actin staining (Figures S3G and S3H) were normal. In contrast to Lgl depletion, clones expressing dlg-RNAi or scrib-RNAi failed to upregulate DIAP1 in larval or pupal stages ( Figures 3C, 3D , and 3F). Instead, DIAP1 was slightly downregulated in dlg-RNAi-expressing cells at the pupal stage ( Figure 3F ) and in scrib-RNAi clones at both larval and pupal stages ( Figure 3D and data not shown). In adult dlg-RNAi or scrib-RNAi mosaic eyes, very little mutant tissue was recovered (data not shown) and adult eyes were essentially normal ( Figures 3I and 3J ), whereas lgl-RNAi adult mosaic eyes were bulgy ( Figure 3H ), mimicking the phenotype of lgl 2 mosaics ( Figure 2G ). We conclude that depletion of Scrib or Dlg to levels where cell polarity is mildly affected does not lead to upregulation of SWH pathway targets.
Overexpression of aPKC or crb Upregulates SWH Pathway Targets Given the antagonistic relationship between Lgl and aPKC, combined with the role of aPKC and Crb in cell proliferation or survival (see Introduction), we hypothesized that aPKC and Crb might also affect SWH signaling. To examine this, we expressed crb intra-38.1.2b (UAS-crb intra ) [24] or a membranebound wild-type (activated) form of aPKC (UAS-aPKC CAAX-WT ) [25] in the posterior region of the larval eye disc via GMR-GAL4 (GMR>aPKC CAAX-WT or GMR>crb intra ). These larval eye discs exhibited normal cell polarity based on the localization of F-actin and polarity determinants (Figures 4A-4C ; Figures S4A-S4R ). We analyzed these discs for expression of the SWH targets diap1 and ex. In both GMR>crb intra and GMR>aPKC CAAX-WT discs, DIAP1 protein was upregulated in the posterior region where GMR is expressed ( Figures  4D-4F) . Furthermore, GMR>crb intra or GMR>aPKC CAAX-WT also resulted in the upregulation of a diap1-GFP reporter (diap1-GFP1.8, containing enhancer regions critical for the activation of diap1 expression by Yki [3] ) ( Figures 4G-4I ). Quantification of increased GFP levels in the posterior versus anterior region of the eye disc confirmed an increase in reporter activity that was statistically significant ( Figure 4M ). A similar result was obtained for the expression of ex-lacZ ( Figures 4J-4L and 4N) . Furthermore, reduction of Yki levels (via the null allele yki
B5
) resulted in a reduction in adult eye size and therefore suppressed the GMR>Crb and GMR>aPKC phenotypes (Figures 4O-4R ). Taken together, these results show that aPKC and Crb regulate expression of SWH pathway targets and generate eye phenotypes that are sensitive to Yki levels.
aPKC and Lgl Act Antagonistically to Regulate the SWH Pathway Because Lgl and aPKC act in an opposing manner to establish and maintain cell polarity (see Introduction), we investigated whether this relationship was upheld with respect to regulation of SWH targets. We knocked down aPKC activity via a kinasedead (dominant-negative) aPKC transgene (aPKC CAAX-DN ) in lgl 2 clones and examined SWH pathway targets. We found that dominant-negative aPKC strongly suppressed the ectopic CycE and DIAP1 expression seen in lgl 2 clones (compare Figures 5A and 5B with Figure 1A and Figure 2I) . Thus, the balance between Lgl and aPKC activity is important in regulating expression of the SWH pathway targets CycE and DIAP1.
Hpo and RASSF Are Mislocalized in lgl 2 Clones To address the mechanism by which depletion of Lgl affects SWH pathway signaling, we examined the levels and localization of SWH pathway components in lgl mutant tissue. We envisaged that because Lgl is active when cortically localized, it may be important for the localization and/or activity of SWH pathway components, many of which (Ft, Ex, Sav, Wts, and Hpo) are cortically localized in epithelial cells [20, [26] [27] [28] [29] . Sav and Wts could not be analyzed because available antibodies fail to detect endogenous proteins [6, 26] . In lgl 2 clones, Hpo localization was altered relative to wild-type tissue ( Figures  5C and 5E ). In wild-type tissue, Hpo was concentrated apicolaterally, overlapping with the apical polarity marker aPKC and the lateral determinant Dlg ( Figure 5H ; Figures 6G, 6J, and 6M; data not shown), and weak staining was also observed in lateral regions that may correspond to the base of nuclei of the photoreceptor clusters ( Figure 5H , arrow). In lgl 2 clones, Hpo extended from its apicolateral localization to be more basolateral ( Figures 5C and 5E ). Although Hpo staining sometimes appeared stronger in lgl 2 clones, this is unlikely to reflect a genuine increase, because Hpo protein levels were unchanged in lgl-RNAi FLP-out tissue by western analysis (Figure 2Fc ). Furthermore, we found that RASSF, which inhibits Hpo activation by competing with Sav for binding to Hpo [6] , was also mislocalized in lgl 2 tissue and colocalized with Hpo ( Figures 5D and 5F ). The change in Hpo and RASSF localization in lgl 2 clones is specific, because Ex and Ft localization and levels at the apical cortex were unchanged in lgl 2 larval eye disc clones (compare Figure S1E with Figure 6D ; data not shown). Taken together, these results show that depletion of Lgl leads to mislocalization of Hpo concordantly with RASSF, which is predicted to reduce Hpo kinase activity, consistent with the deregulation of SWH targets observed.
Activation of aPKC Leads to Mislocalization of Hpo and RASSF
Given the antagonistic relationship between Lgl and aPKC in regulation of SWH targets (see above), we investigated whether the observed mislocalization of Hpo in lgl 2 clones was dependent on aPKC. Indeed, reducing aPKC activity in lgl 2 clones by expressing aPKC CAAX-DN rescued Hpo mislocalization ( Figure 5G ). Next, to address whether upregulation of aPKC could affect Hpo and RASSF localization, we examined Hpo localization in GMR>aPKC CAAX-WT eye discs. In the region of the eye disc corresponding to the GMR expression domain, Hpo and RASSF were mislocalized from their normal 
wild-type
GMR>crb intra GMR>aPKC CAAX-WT apical apical apical localization in the apical cortex, where they overlap with aPKC and Dlg ( Figures 6G, 6J , 6M, 6P, and 6S), to extend more basolaterally ( Figures 6I, 6L , 6O, 6R, and 6U). Ex and Ft localization were unaffected by aPKC activation ( Figures 6A, 6C, 6D , and 6F). Thus, consistent with the antagonistic relationship between Lgl and aPKC activity, aPKC activation specifically alters Hpo and RASSF localization in a manner similar to Lgl depletion ( Figures 5E and 5F ).
Crb Overexpression Affects Ex Localization, but Not Hpo or RASSF Localization
We then examined how overexpression of Crb regulates SWH targets. Surprisingly, GMR>crb intra did not affect Hpo or RASSF localization ( Figures 6G, 6H , 6J, 6K, 6M, 6N, 6P, 6Q, 6S, and 6T). Instead, Crb overexpression resulted in mislocalization of Ex from the apical cortex, where it normally colocalizes with aPKC, to be more diffusely distributed laterally ( Figures 6D and 6E ). In contrast, Ft localization and levels were unchanged in GMR>crb intra -overexpressing tissue ( Figures 6A and 6B) . Thus, Crb overexpression specifically disrupts Ex localization, which is likely to lead to the observed deregulation of the SWH pathway.
Discussion
In this study, we have provided evidence that deregulation of the SWH pathway is important for the imaginal disc overgrowth phenotypes of mutants in the Drosophila junctional neoplastic tumor suppressor Lgl or overexpression of the Figure 1A and Figure 2I ). (C and E) Hpo (red) and aPKC (yellow) staining of lgl 2 mosaic eye discs. In lgl mutant clones, Hpo concentration is increased apically (C and E, arrowheads) and extends laterally (E) compared with wild-type tissue (see also H). The apical localization of aPKC is unaffected by the loss of lgl (E, yellow). (D and F) lgl 2 mosaic eye disc, stained for RASSF (red) and Hpo (yellow). In wild-type tissue, RASSF is concentrated at the apicolateral cortex (see Figure 6P ). In lgl 2 clones, RASSF extends laterally (D and F, arrowheads) and colocalizes with Hpo (F, yellow, arrowheads). (G) lgl 2 ;UAS-aPKC CAAX-DN (lgl;U-aPKC-DN) mosaic discs, stained for Hpo (red). aPKC CAAX-DN expression in lgl 2 clones restores Hpo to its normal localization. (H) In wild-type tissue, Hpo (yellow) is concentrated at the apicolateral cortex (arrowhead) but is also present more laterally at lower levels (arrow). (P-U) Discs stained for RASSF (red) and Dlg (green). RASSF is concentrated at the apicolateral cortex in control (P) and GMR>crb intra (Q) discs, overlapping with Dlg (S and T). In discs expressing aPKC CAAX-WT , RASSF is detected more laterally (R and U, arrowheads). apical polarity regulators aPKC and Crb. We have shown that Lgl, aPKC, and Crb genetically interact with SWH pathway components and that in Lgl-depleted or aPKC-or Crb-overexpressing tissue, SWH pathway targets are upregulated. In lgl 2 tissue, this SWH target upregulation is consistent with a decrease in pYki-Ser168 and an increase in cytoplasmic and/or nuclear-localized (active) Yki protein. Furthermore, we demonstrate that lgl 2 or aPKC or Crb overexpression phenotypes are dependent on Yki activity. Our study is consistent with and substantially extends the findings of a previous study in the ovarian follicular epithelium [30] , which revealed that in lgl 2 , scrib 2 , or dlg 2 clones where polarity is lost, CycE and DIAP1 are upregulated, although in that study it was not shown that this is due to increased Yki activity. Furthermore, we show that knockdown of scrib or dlg to levels where polarity is only mildly affected does not result in upregulation of DIAP1, but rather downregulation. However, when apicobasal polarity is lost in scrib 2 transheterozygous larval discs, the tumor growth is dependent on Yki. Moreover, our studies reveal that apicobasal polarity regulators modulate SWH activity via two distinct mechanisms: Lgl and aPKC act antagonistically to regulate the SWH pathway through localization of Hpo and RASSF (but not Ft or Ex), whereas Crb regulates localization of Ex (but not Hpo, RASSF, or Ft). Our finding that Crb overexpression results in Ex mislocalization has also been observed in the wing disc by Robinson et al. ([31] , this issue of Current Biology), who also demonstrate that Ex levels are reduced. Because Ex normally binds to Yki, tethering it to the cell cortex [32] , reduced Ex levels will lead to increased active Yki and upregulation of SWH pathway targets. Furthermore, the data of Robinson et al. [31] and our unpublished studies have revealed that distinct domains of Crb are required for SWH pathway regulation versus apicobasal cell polarity, therefore indicating that Crb regulates proliferation and polarity by different mechanisms.
How regulation of the SWH pathway by Lgl and aPKC relates to their functions in apicobasal cell polarity is presently unclear. It is possible that it reflects a fundamental aspect of their role in a common cellular process, such as protein trafficking. In this scenario, at a particular level of polarity protein dysfunction, the localization of SWH pathway components would be affected, leading to deregulation of SWH pathway signaling. However, upon stronger knockdown, such as in an lgl 2 homozygous mutant disc, the localization of key apicobasal polarity determinants would also be altered, leading to loss of cell polarity. Further analysis of the mechanism of Lgl and aPKC is necessary to elucidate the possible connection between their roles in SWH pathway signaling and apicobasal polarity regulation.
Regulation of the Localization of Hpo and RASSF by Lgl and aPKC
Our studies and others [20, [26] [27] [28] [29] Although the precise mechanism by which Lgl and aPKC affect Hpo and RASSF localization remains to be determined, we expect that the balance between Lgl and aPKC activity is required for appropriate localization of Hpo, because reduction of aPKC activity in lgl 2 clones by overexpression of kinase-dead aPKC restored Hpo localization to normal. Whereas Hpo and RASSF mislocalization correlated with aPKC localization in aPKC CAAX-WT -expressing tissue (Figure 6 ), aPKC was not mislocalized in lgl 2 clones where the localization of Hpo and RASSF was aberrant ( Figure 5) ; therefore, the direct binding of aPKC to Hpo or RASSF is unlikely to affect their localization. This suggests that aPKC phosphorylates another protein that is important for RASSF-Hpo interaction, or for localization of these proteins.
Neoplastic Tumor Suppressors, Cell Polarity, and Deregulation of the SWH Pathway Given the evidence that Lgl, Scrib, and Dlg function in the same genetic pathway in the regulation of apicobasal cell polarity and proliferation when polarity is lost [33] , our finding that Lgl and Scrib/Dlg act differently upon the SWH pathway in situations where cell polarity is only mildly affected (Figure 3 ) was surprising. However, in situations where depletion of Scrib or Dlg results in loss of cell polarity, as occurs in dlg or scrib homozygous mutant tissues, the overgrowth of scrib 2 imaginal discs, at least, is dependent on Yki function (Figure S2) . Furthermore, in scrib or dlg mutant clones in the ovarian follicular epithelium, where apicobasal cell polarity is lost, the SWH pathway targets CycE and DIAP1 are upregulated [30] , although in that study, a direct connection between apicobasal polarity regulators and the SWH pathway was not made. Likewise, in eye epithelial tissue, scrib 2 clones lose polarity and upregulate CycE; however, the mutant clones do not overgrow in this case but die through Jun kinase (JNK)-mediated apoptosis [11] . To explain the apparent paradox between the effect of lgl 2 versus scrib 2 or dlg 2 with respect to cell polarity status and tissue type, we suggest that Dlg and Scrib do not normally act to regulate the SWH pathway, and that it is only when polarity is lost in scrib 2 or dlg 2 tissues, where mislocalization of Lgl, aPKC, and Crb also occurs [33] , that the SWH pathway is deregulated. However, because it has been shown that aPKC, but not Crb, is required for the polarity and proliferation defects of scrib 2 [34] [35] [36] , it is likely that upon polarity loss, the skewed balance between Lgl and aPKC activity leads to SWH pathway deregulation and overgrowth of scrib 2 or dlg 2 tissue.
Physiological Role and Tumorigenesis
An important question is what role Lgl, aPKC, and Crb, via their effect on the SWH pathway, play in normal tissue homeostasis. A prevailing view is that apical members of the SWH pathway, Ft, Ex, and Mer, provide ''contact inhibition'' cues from adjacent cells, thereby restraining cell proliferation and survival, in order to limit organ size [1, 37] . It is possible that the balance between Lgl and aPKC activity, as well as Crb levels, provides similar contact inhibition cues that feed into the SWH pathway to regulate SWH targets. It is intriguing that Ft (and other apical members of the SWH pathway, such as Dachsous) also has roles in planar cell polarity (PCP) signaling [38] , whereas Lgl, aPKC, and Crb function in apicobasal cell polarity. Perhaps by functioning in this dual capacity, these PCP and apicobasal cell polarity regulators are able to coordinate tissue architecture with the regulation of the core components of the SWH pathway, thereby controlling both organ shape and size. These apicobasal polarity and PCP pathways may play important roles not only in organ growth during development but also during wound healing. Upon damage to the epithelia, cells are ablated, and the consequential loss of cell-cell contact may affect the activity of Lgl, aPKC, and Crb (and also Ft signaling) in neighboring cells, leading to repression of SWH signaling and increased Yki activity, thereby promoting cell proliferation and survival in order to recover epithelial integrity.
Moreover, regulation of the SWH pathway by apicobasal polarity regulators may also be relevant to tumorigenesis. There is accumulating evidence for deregulation of apicobasal polarity regulators and the SWH pathway in human epithelial cancers [1, 9, 37] . Our finding that without loss of cell polarity, Lgl, aPKC, or Crb deregulation leads to SWH pathway target expression suggests that during tumorigenesis, aberrant activity of these polarity regulators could first enable SWH pathway target expression and tumor cell proliferation and survival. Recently, SWH pathway deregulation has been shown to increase Crb and aPKC levels to promote apical hypertrophy [28, 39] . Thus, a positive feedback loop between SWH pathway deregulation and Crb and aPKC expression might be initiated, leading to polarity changes and further deregulation of the SWH pathway. Upon stronger downregulation of Lgl (or upregulation of aPKC or Crb), apicobasal cell polarity would be lost and, depending on context, could promote further tumor cell proliferation, invasion, and/or metastasis [9, 10] . Thus, it will be highly informative to explore linkages between the deregulation of apicobasal cell polarity regulators and the SWH pathway during tumor growth and invasion in both Drosophila and mammalian cancer models, as well as in human cancer samples.
Experimental Procedures
Fly Stocks, Culture Conditions, Overexpression, and Clonal Analysis For fly stocks and RNAi line validation, see Supplemental Experimental Procedures. Mitotic eye clones and mosaic analysis with a repressible cell marker (MARCM) clones were generated as described previously [11] . lgl-RNAi FLP-out clones were generated by crossing ey-FLP;UAS-lglRNAi 51247 to actin>CD2>GAL4;UAS-GFP, and control clones were generated by crossing ey-FLP to actin>CD2>GAL4;UAS-GFP. For genetic interactions, at least 50 flies for each genotype were examined, and representative images are shown. All flies were raised on standard cornmeal agar food at 25 C unless stated otherwise.
Immunocytochemistry
For analysis of third-instar larval eye-antennal discs, the discs were dissected in phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde, washed in PBS + 0.1% Triton X-100 (PBT), and blocked in PBT + 2% normal goat serum. For Hpo and RASSF staining, tissues were fixed in paraformaldehyde/lysine/periodate (PLP). For pupal staining, pupae were staged from white prepupae (0% p.d.; 100% p.d. corresponds to 103 hr) at 25 C and aged for the amount of time indicated in the text. Pupal eye discs were dissected, fixed, and stained as described previously [17] . Confocal cross-sections were taken through the edge of the eye discs. For details of antibodies, imaging, and quantification, see Supplemental Experimental Procedures.
Sample Preparation and Western Blot Analysis
Eye-antennal discs were dissected from lgl-RNAi FLP-out and FLP-out control third-instar larvae and homogenized in NTEN buffer containing Complete protease inhibitor cocktail (Roche) and PhosSTOP phosphatase inhibitor (Roche). Protein concentration was determined by Lowry assays. Samples containing 20 mg of protein were electrophoresed on a 10% SDS-PAGE gel and transferred to Immobilon-FL polyvinylidene difluoride membranes. For details of antibodies and quantification, see Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.cub.2010.01.055.
